We numerically investigate the mode properties of the V-groove silicon nitride trench waveguides based on the experimental results. The trench waveguides are suitable for nonlinear applications. By manipulating the waveguide thicknesses, the waveguides can achieve zero dispersion or a maximized nonlinear parameter of 0.219 W −1 · m −1 at 1550 nm. Broadband four-wave mixing with a gain of 5.545 m −1 is presented as an example. The waveguides can also be applied in sensing applications with an optimized evanescent intensity ratio. By etching away the top flat slabs, wider trapezoidal trench waveguides can be utilized for plasmonic sensing thanks to their TE fundamental modes.
INTRODUCTION
Trench waveguides are built on channels, with their guiding regions below the substrate surface. Silicon can be used as the substrate material to provide V-groove trenches that are fabricated by anisotropic etching [1] [2] [3] [4] [5] . Trench waveguides built on V-grooves first emerged in 1970s with bilayer configurations. The first layer deposited on the silicon substrate has a lower refractive index to serve as the cladding, and the second layer with a higher refractive index is deposited on top of the first layer and sometimes etched to confine the light. Different wave guiding materials have been studied, such as epoxy [6] , plastic [7, 8] , glass [9, 10] , and polymer [11, 12] . These earlier works were all passive devices, mainly aiming to lower the propagation loss, to improve the fiber to waveguide coupling coefficient, and to redirect light. Since the first demonstration of the E7 nematic liquid crystal channel waveguide in SiO 2 -Si V-grooves [13] , there has been a thrust in using liquid crystals as the guiding material in the V-groove [14] [15] [16] [17] [18] or semicircular groove [19] trench waveguides as potential candidates for lowcost, highly functional photonic elements. The liquid crystals, whose optical properties rely on the applied voltage, are encapsulated by the grooves and the indium-tin-oxide layer, forming a microscale triangle channel waveguide for electro-optical modulation. Although widely employed as passive and active devices, all the previously studied trench waveguides had large cross sections, which are incompatible with nanophotonics. For nanophotonics, it is preferable to find a fabrication method that is scalable and reliable. The V-groove trench waveguide has been reexamined in the field of nanophotonics due to its capability of controlling the sidewall angles and the selfstopping etching feature in triangle waveguides. Recently, sub-micron silicon nitride trench waveguides have been fabricated using microelectromechanical-systems (MEMS)-grade optical lithography [20] . The waveguide exhibits a nonlinear effect that is 100 times greater than that of single-mode fibers and that benefits from the tight mode confinement, group velocity dispersion management, and low propagation loss.
The interest in using V-groove trench waveguides lies in but is not limited to the following reasons: (i) the surface roughness on the sidewall is smoothened by the preferential etching process on silicon, (ii) the high degree precision ensured by selfaligning obtained from anisotropic etching at a low cost, (iii) the large-area production of sub-micron features, and (iv) the inborn advantage of combining photonics and microfluidics with the help of the V-groove channels. These features render the V-groove trench waveguides suitable in low-loss, highconfinement, and optofluidic applications. In our recent work, the measured propagation loss of the silicon nitride trench waveguides was as low as 0.8 dB/cm with a nonlinear parameter γ 0.3 W −1 · m −1 [20] . Gold nanoparticles can be deposited on the trench waveguide to further boost the nonlinearity [21] . Trench waveguides can also be used in optical trapping applications with the help of plasmonic bowtie antennas [22] .
Solving the mode solutions for the trench waveguides is the fundamental step to understand the optical properties that are determined by the trench waveguide structures. The cross sections of these waveguides are irregular, with their core regions varying from triangle to trapezoidal shapes. In the past, theoretical analyses based on the finite element method (FEM) [23] , the effective index method [24] , the Rayleigh principle and least-squares method [25] , and the weighted residual method [26] have been put forward to study the mode properties in trapezoidal waveguides. However, the conclusions drawn from those analyses cannot be generalized for all the trench waveguides because the wave guiding layer is non-flat. Therefore, the waveguides need to be examined thoroughly to unveil their optical properties.
Preliminary studies on the optical properties of trench waveguides have been investigated in our previous work [27] . However, deeper study needs to be continued to identify the interplay among the waveguide geometries, mode leakage, evanescent intensity ratio (EIR), and nonlinear parameters. The mode leakage study guarantees low-loss wave propagation. The EIR quantitatively characterizes the light-matter interaction, which is the key to optical sensing. In our previous papers [20, 27] , we used Bezier curves to model the rounding effect on the sidewalls. However, such an approach is not scalable and is insufficient for a comprehensive study with different geometries. In this study, we provide arcs to represent rounding edges and show that we can generalize modeling for different geometries. As a result, the mode distributions, the EIR, and the dispersions based on the new model are extended for waveguide geometries with widths up to 5 μm. Moreover, besides the linear properties, the geometric effects on the nonlinear properties are added in this paper. By tailoring the geometric parameters, trench waveguides with small mode areas, large nonlinear parameters, and low group velocity dispersion can be used in nonlinear applications. The waveguides can have zero dispersion at 1550 nm or a maximized nonlinear parameter of 0.219 W −1 · m −1 at 1550 nm by manipulating their waveguide thicknesses. An in-depth study reveals that the triangle trench waveguide is suitable for broadband four-wave mixing (FWM) with a maximum gain of 5.545 m −1 in a degenerate configuration. The group velocity dispersion at the pump wavelength 1.44 μm is 2.15 ps · nm −1 · km −1 with a dispersion slope of −1.725 × 10 −2 ps · nm −2 · km −1 . Narrow-band FWM can also be realized at 1550 nm, with a maximum gain of 0.13 m −1 . Unlike our previous waveguide structure, we also introduce a new geometry with the top slabs etched away to improve the mode confinement and to utilize the TE mode for plasmonic sensing applications. The novelty of this paper is to provide a comprehensive and systematic numerical study of the linear and nonlinear mode properties of V-groove trench waveguides for the first time to our knowledge. This paper is organized as follows. The fabrication procedure will be briefly introduced in Section 2. Then, starting from the mode polarization properties of the waveguides, we investigate the leakage of the waveguide caused by the top slab regions. The nonlinear properties and group velocity dispersions are presented, followed by the EIR study, in Section 3. In Section 4, an improved silicon nitride trench waveguide structure is introduced to reduce the mode leakage, and its usage is discussed in plasmonic antenna-assisted sensing applications. Finally, the conclusion will summarize trench waveguide properties.
TRENCH WAVEGUIDE FABRICATION
Fabrication of the V-groove trench waveguides does not require E-beam lithography, but merely relies on optical lithography followed by anisotropic potassium hydroxide etching. Using this method, even sub-micron waveguide dimension can be achieved with a MEMS-grade photomask. The anisotropic potassium hydroxide (KOH) etching on a h100i silicon wafer carves a trapezoidal or triangular trench with an angle of 54.7°w
ith respect to the substrate surface. The shape of the waveguide is determined by the etching depth H , the opening window width W open , and the silicon nitride deposition thickness T SiN . In Fig. 1 Figs. 1(a) and 1(b) , respectively. Low-pressure chemical vapor deposition (LPCVD) was used to deposit a T SiN 725 nm layer of silicon nitride in two cycles. The detailed fabrication procedure can be found in Ref. [20] .
The variation of the waveguide width and thickness affects the waveguide propagation properties and the mode distributions. The waveguides propagation losses were experimentally measured using a cut-back method for both the TE (electric field along the x-axis) and the TM (electric field along the y-axis) modes at 1550 nm [28] . The propagation loss is as low as 0. 
NUMERICAL ANALYSIS A. Numerical Model
The theoretical model, based on Fig. 1 (b), is redrawn in Fig. 2 . The sidewall angle θ of the waveguide is 54.7°, consistent with the silicon wet etching properties. Unlike our preliminary model that used Bezier curves [20, 27] , the connections between the silicon nitride sidewalls and top flat slabs are smoothed with arcs of r 1 2 μm and r 2 2 μm T SiN to mimic the actual fabrication images. The size of the trench waveguide is characterized by the waveguide bottom width W btm and the actual waveguide thickness T . W btm and T can be derived from the fabrication parameters, W open , H , and T SiN . For example, W btm is governed by
, W btm will be 0, and a triangle trench will be carved out, shown in Fig. 1(a) . Otherwise, the trenches will be trapezoidal, as shown in Fig. 1 (b). The actual waveguide thickness T is affected by the silicon nitride deposition process, which grows faster in corners. T has the following relation with the silicon nitride deposition thickness T SiN and the waveguide bottom width W btm :
In our simulations, H and T SiN are set to be 3 and 0.725 μm based on the fabrication results. It is worth mentioning that the shapes of the real devices may not follow Eq. (1) strictly due to imperfect fabrication, and this may affect the optical mode properties. For example, the W open 5 μm waveguide has less propagation loss than the waveguide with W open 4 μm in Fig. 1 , because the thickness T in the W open 5 μm waveguide is thicker than expected [20] , making the mode guide better. The irregularity in the trench's bottom region depends on the fabrication process and may vary from device to device. Therefore, it is difficult to abstract and generalize the deformation into a simple geometric model. However, using straight lines in the trenches without considering the deformation greatly simplifies the structure without losing the representativeness, and the approach has also been used in other literature, e.g., Ref. [14] . Thus, the theoretical mode is still accurate in characterizing the mode properties.
The simulations are carried out in a frequency-domain FEM solver (COMSOL Multiphysics). The refractive index of the low-stress silicon nitride is a function of the wavelength and is defined as n 2 λ 1 3.585λ 2 ∕λ 2 − 0.1316 2 [20] , where λ is in units of micrometers. The refractive index of SiO 2 is adopted from Ref. [29] . Perfectly matched layer boundary conditions are used to minimize the backscattering at the boundaries. All the simulations are performed at the telecommunication wavelength 1550 nm unless otherwise specified.
B. Mode Distribution
The trench waveguide has its modes guided in the core region. Due to the inclined sidewalls, it does not support pure the TE or TM modes that are commonly found in rectangular waveguides. Instead, its modes are hybrid and have both x and y components. The fundamental mode of a triangle trench waveguide (W btm 0) is a quasi-TM mode with a TM fraction of 82.0%. The TM fraction is defined as
The TE fraction can be defined in a similar way by changing E y with E x in the numerator. Figure 3 shows the quasi-TM and quasi-TE modes of a triangle trench waveguide (W btm 0). The quasi-TE mode has a TE fraction of 73.4%. These mode distributions have a large impact on the losses experienced by the pure TE and TM modes. For instance, the waveguide with W open 4 μm has a propagation loss of 1.66 0.42 dB∕cm for the quasi-TM mode and of 4.5 0.34 dB∕cm for the quasi-TE mode. Three-dimensional simulations show that the mode shape is preserved along the waveguide, which means the loss of the hybrid modes is a combination of the individual polarization components. Based on these measurements and the simulations, we can estimate the losses experienced by the pure TM and TE modes are 1.03 and 7.04 dB/cm, respectively. It is also worth noting that since quasi-TE modes have larger mode areas (will be proven later), they will be more susceptible to fabrication intolerances and surface roughness, as indicated by the experimental measurements.
As can be seen from the mode profiles, the trench waveguide is analogous to a rib waveguide in the way that the trench's bottom region provides a higher effective refractive index than the sidewalls and the top slabs. In other words, the guiding mechanism in the waveguide relies on the effective refractive index difference between the trench's bottom region and the adjacent slabs. Due to the silicon nitride deposition property, the trench's bottom region is thicker than the slab regions when the trench waveguide is narrow; thereby, the bottom region has a higher local effective refractive index. In particular, the triangle trench waveguide has the largest thickness as T SiN ∕ cosθ. According to Eq. (1), as W btm increases, T decreases, and finally becomes equal to T SiN , resulting in a reduction in the effective refractive index difference and causing the modes to leak into the slab regions. The change of W btm will affect the mode properties. Figures 3(a) and 3(b) show the 
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increases from 0 to 0.7 μm, the A eff expands from 2.8 to 6.7 μm 2 for quasi-TM mode and from 4.1 to 8.9 μm 2 for quasi-TE mode. n eff for the quasi-TM mode drops more quickly than that for the quasi-TE mode because guiding the quasi-TM mode relies more on the layer thickness in the trench bottom. The value of n eff drops while A eff increases as W btm increases, indicating the mode guidance is weakened when the waveguide becomes wide. Figures 3(c) and 3(d) particularly compare the normalized quasi-TM electric field profiles of a triangle trench waveguide with W btm 0 and a trapezoidal trench waveguide with W btm 0.7 μm. In terms of better confinement and low-loss propagation applications, one should target the triangle trench waveguides.
C. Waveguide Nonlinear Coefficient and Dispersion
Silicon nitride can be used in nonlinear applications because of the absence of two-photon absorption and free carrier absorption [30] . Waveguides made of silicon nitride can be designed to have a high effective nonlinear parameter γ [31] , which is defined as γ 2πn 2 ∕λA eff [32] . Here, the nonlinear refractive index n 2 is fixed by the uniform guiding layer of silicon nitride, but A eff can be varied by adjusting the waveguide geometry and wavelength to facilitate a large effective nonlinearity γ.
We measured a nonlinear index n 2 of 1.39 × 10 −19 m 2 ∕W for low-stress silicon nitride waveguides in our previous work [20] . Our value is compared with other experimental results at telecommunication wavelengths from different waveguide dimensions in Table 1 . In addition, the values of n 2 of SiO 2 and Si are also added as reference values. Our measured value falls among the others as shown in Table 1 , which is anticipated by taking the waveguide geometry and material properties into considerations. On the one hand, low confinement waveguides have more power extending in the SiO 2 cladding region, leading to a lower effective n 2 . On the other hand, increasing the silicon content results in an increase in the material nonlinearity.
Nonlinear effects can occur over a broad spectrum range. Both A eff and n 2 are functions of λ, and so is γ. The dispersion of n 2 over the wavelength can be estimated accurately based on the linear refractive indices by using Miller's rule [37] ,
where c is the speed of light, nλ is the wavelength-dependent refractive index in SI units and is given in Section 3.A, χ 1 is the first-order susceptibility, and χ 3 is the third-order susceptibility. Both χ 1 and χ 3 are in electrostatic units, and k is a parameter to fit the experimental results and is estimated to be 0.7143 in our calculations.
As illustrated in Fig. 4(b) , for a trench waveguide with a fixed thickness, it has the smallest A eff when W btm 0, which is in favor of nonlinear applications. Therefore, we give priority to considering the triangle trench waveguides for nonlinear applications. Given the n 2 for SiO 2 from the literature and the calculated n 2 for silicon nitride in the wavelength range from 1.35 to 1.65 μm, the nonlinear parameter γ has been simulated for trench waveguides with different deposition thicknesses over the spectrum range, as presented in Fig. 5(a) , which shows the results for the quasi-TM mode in triangle trench waveguides with air cladding. The trench waveguides have a higher γ at shorter wavelengths. Waveguides with T SiN between 400 and 700 nm have a larger γ due to the tight mode confinement. The largest γ is 0.327 W −1 m −1 when T SiN 540 nm at wavelength of 1350 nm. At a 1550 nm wavelength, γ is maximized to be 0.219 W −1 m −1 when T SiN 600 nm. In nonlinear applications, the phase mismatch will limit the efficiency of the nonlinear process. To obtain phase matching for broadband wavelength conversion, the waveguide dispersion D should be engineered by tailoring the waveguide dimensions, so that the pump wavelength is in the anomalous region and close to the zero-dispersion wavelength. To study the dispersion of the waveguides, we simulate the effective refractive index n eff for various wavelengths, which takes both the material dispersion and the waveguide dispersion into [34] 9 × 10 −20 2.8 μm × 80 nm Si x N y (LPCVD) [20] 1.39 × 10
−19
Trench waveguide Si 3 N 4 (PECVD) [31] 2.4 × 10 −19 1 μm × 500 nm Si x N y (LPCVD) [35] 1.4 × 10 −18
1.65 μm × 700 nm Si [36] 4 × 10
−18
Bulk crystalline Si consideration. Our simulation results presented in Fig. 5(b) show that the dispersion D can be tuned from −800 to 20 ps · nm −1 · km −1 by changing T SiN from 280 to 800 nm. Thick silicon nitride trench waveguides (T SiN > 670 nm) can have their dispersion in the anomalous region and close to zero, which is in agreement with the experimental work in Ref. [38] . However, growing thick silicon nitride films will be subject to a film cracking risk due to the tensile stress [39] , and hence, multiple deposition and annealing steps may be required. The waveguide with T SiN 687 nm has zero dispersion at 1550 nm, with a zero-dispersion slope of 8 × 10 −2 ps · nm −2 · km −1 . Close scrutiny on the simulation results predicts that FWM may be efficient in the triangle trench waveguide with T SiN 680 nm. For this geometry, the group velocity dispersion at the pump wavelength at the E-band (near 1450 nm) is close to 2.15 ps · nm −1 · km −1 , with a dispersion slope of −1.725 × 10 −2 ps · nm −2 · km −1 . If one chooses the pump wavelength λ 2 to be 1.44 μm, the pump wavelength will be in the anomalous region and stay close to zero. For the degenerate FWM with Stokes and anti-Stokes wavelengths at λ 3 1.53 μm and λ 1 1.36 μm, respectively, the phase mismatch will be Δk β 1 β 3 − 2β 2 11.09 m −1 . Correspondingly, the maximum parametric gain is g max γP 0 Δk∕2 5.545 m −1 with undepleted pump approximation [28] , where P 0 is the peak pump power at the input of the waveguide. Given the nonlinear parameter γ 0.2597 W −1 m −1 at the pump wavelength, P 0 should be around 21.4 W, which is easily attainable by using modelocked lasers. The peak power level is safe for silicon nitride waveguides. Similar or even larger peak powers have already been used in silicon nitride waveguides [30, 40] . Such wavelength converters are particularly useful for frequency band conversion between the C-band and the E-band. Besides broadband FWM, the same waveguide can also be used for narrow-band FWM within the C-band, where λ 1 1.54 μm, λ 2 1.55 μm, and λ 3 1.5613 μm. This configuration yields a maximum parametric gain of 0.13 m −1 with γ 0.215 W −1 m −1 and P 0 604 mW at a 1550 nm pump wavelength. In this calculation, we assume there is no loss. However, in the presence of loss, the parametric gain will be reduced due to a reduction of the pump power. The influence of the loss can be reflected from the effective length of the waveguide that is expressed as L eff 1 − exp−αL∕α, where L is the waveguide length, and α is the propagation loss (m −1 ). For example, the propagation loss for the TM mode in the triangle trench waveguides with T SiN 725 nm was measured to be 1.66 dB/cm [28] . Correspondingly, the effective length for a 2 cm-long waveguide is only 1.4 cm.
In addition to changing the waveguide thickness, varying the trench waveguide width is an attractive approach to manipulating the waveguide dispersion because it is more practical in the actual fabrication. Quasi-phase matching can be achieved by alternating the waveguide width to compensate for the phase mismatch [41, 42] . The concept can also be applied in the trench waveguides. Figure 6 presents the dispersion D as a function of W btm for the trench waveguide with T SiN 700 nm and H 3 μm at 1550 nm. The waveguide has zero dispersion when W btm 0.34 μm. Below that value, the waveguide is in the anomalous dispersion region, and above that, the waveguide is in the normal dispersion region.
D. Evanescent Intensity Ratio
The trench waveguide has an inborn advantage for sensing, because the trench valley can work as a container for liquids. Therefore, we did not deposit any cap layer on top of the silicon Research Article nitride guiding layer. The evanescent fields from the core region directly interact with the analyte in the sensing region (enclosed by the yellow dashed line in Fig. 2) . The more evanescent field extending into the sensing region, the more light-matter interactions there will be. To quantify the evanescent field strength, we define the evanescent intensity ratio EIR as
where A 1 is the area of the trench channel, and A tot is the total simulation area, which includes A 1 . EIR highly depends on the waveguide geometry, in particular on the width of the waveguide bottom, W btm , the deposition thickness of the silicon nitride, T SiN , the polarization state of the light, and the refractive index of the upper cladding layer. For instance, the EIR dependency on W btm is presented in Fig. 7 . In this study, we assess the polarization and geometry dependence of EIR for a trench waveguide with T SiN 725 nm and H 3 μm. As W btm increases from 0 to 0.7 μm, the EIR for the quasi-TE mode decreases from 2.26% to 1.81% in an air-cladding waveguide, and from 3.04% to 2.57% in a water-cladding waveguide. On the contrary, the EIR for the quasi-TM mode increases and reaches peak values of 3.17% in the watercladding waveguide when W btm 0.56 μm and 2.35% in the air-cladding waveguide when W btm 0.51 μm. The variation in EIR with respect to the cladding material is expected. Water cladding gives a larger EIR than air cladding due to its lower index contrast. Thus, for sensing applications, W btm 0.56 μm is an optimum value for a water-cladding trench waveguide with T SiN 725 nm.
The waveguide thickness will also affect the EIR, and the impact is illustrated in Fig. 8 . In these studies, the cladding is set to be water and H is set to be 3 μm. The legends represent the deposition thickness T SiN instead of the actual core region thickness T . The variation of the waveguide width is up to W btm 2T SiN · tanθ∕2, beyond which the modes are leaky and the solutions are no longer accurate. The results indicate that thin waveguide has a larger EIR since more of the field is squeezed into the sensing region. Also, as illustrated, the EIR has a five-fold enhancement when T SiN is reduced from 725 to 300 nm.
IMPROVEMENTS ON MODE LEAKAGE
As stated in Section 3.B, the mode leakage into the top slab region limits the trench waveguide width. For instance, the bottom width of the waveguide with T SiN 725 nm should be smaller than 0.75 μm for the sake of low-loss mode confinement (<4 dB∕cm). To get rid of the width restrictions, an improved trench waveguide structure is put forward in Fig. 9(b) . By patterning and developing the photoresist (PR), the trench waveguide will undergo dry etching with its trench region protected by the PR strip. The top slab regions will be etched away, leaving only the trench's bottom part and the sidewalls.
Etching away the top slabs effectively improves the mode confinement in the trench waveguides. Compared with previous designs, the effective mode indices are purely real numbers in the new design, indicating no mode leakage from the waveguide. What is more, high-order modes emerge as a result of the good confinement in the improved waveguide. Those high-order modes cannot survive in the previous design because they have large imaginary mode indices, meaning high attenuation (>30 dB∕cm). Close scrutiny on the effective mode indices shows that the fundamental mode for the wide (W btm > 0.9 μm) trench waveguides is the TE mode, as presented in Fig. 10(a) . When W btm increases from 0, both the quasi-TM [ Fig. 10(b) ] and quasi-TE [ Fig. 10(c) ] mode refractive indices drop. This is caused by the drop of the trench thickness T , which weakens the lateral guidance. T is plotted with respect to W btm as the black dashed line in Fig. 10(a) . However, when W btm exceeds 0.9 μm, the quasi-TE mode refractive index increases again and becomes the fundamental mode [ Fig. 10(g) ], whereas the quasi-TM mode evolves to be the sidewall mode [ Fig. 10(f ) ]. Two high-order modes are also presented in Fig. 10 , namely, hybrid-TE 1 [ Fig. 10(h)] and hybrid-TE 2 [ Fig. 10(i) ]. "Hybrid-" means the mode has power at the base of the trench and at the sidewalls. The field at the trench's bottom region is polarized along the x-axis and can be classified as a TE mode. However, the field at the sidewalls include both x and y polarizations; therefore, the modes are considered as "hybrid-TE." The subscript of the modes is named after the number of the field peaks in the trench's bottom region. Although hybrid-TE 1 and hybrid-TE 2 modes can be differentiated in wide trench waveguides, as shown in Figs. 10(h) and 10(i), their mode indices are close to each other in narrow trench waveguides, e.g., at W btm 0 in Fig. 10(a) . The hybrid-TE 1 mode in a triangle trench waveguide (W btm 0) is illustrated in Fig. 10(d) , and the hybrid-TE 2 mode in the same waveguide is shown in Fig. 10(e) . One should notice that the field orientation of the hybrid-TE 2 mode in the trench is along the y-axis in Fig. 10 (e) as a result of the waveguide width reduction.
The TE modes in wide trench waveguides are of great interest in microfluidic sensing applications, especially when they are incorporated with plasmonic antennas [43] . Plasmonic antennas [or metal nanoparticles [21] , shown as the inset in Fig. 10(a) ] can be deposited on the trench waveguides to create local hot spots, which will give dramatic field enhancements [22] . Exciting these antennas efficiently requires launching the electric field parallel to the antenna plane; therefore, the TE mode will be in favor of coupling the waveguide mode to the antennas. However, the EIR of the TE fundamental mode could be smaller than the EIR of the quasi-TM mode, as presented in Fig. 11 . For a top-etched trench waveguide with T SiN 725 nm, H 3 μm, and water cladding, the maximum EIR of the fundamental mode occurs when W btm is 0.7 μm and the corresponding fundamental mode is the quasi-TM mode. The EIR remains almost constant at 0.031 as W btm continue increasing, and the fundamental mode becomes a TE mode. It is worth noting that the EIR curve shown here is not contradictory to what we investigated in Section 3.D, because the waveguides have two different geometries. In Section 3.D, the trench waveguides have top slabs which lead the mode to leak and thus cause the EIR to drop. Here, the top-etched trench waveguides have no leakage issue, and thereby no dimension restrictions. On the contrary, we can use the same conclusion presented in Section 3.D stating that thinner waveguides have a larger EIR and hence more lightmatter interactions.
CONCLUSIONS
We numerically investigated the trench waveguides based on our previous experimental results. Both triangle and trapezoidal trench waveguides are studied and compared. To reduce the mode leakage into the top slab regions, an improved structure is put forward here. The reduction in the mode leakage opens the door to utilize the TE mode in wide trench waveguides. Although we use silicon nitride as the guiding material, this study can be applied to other guiding and cladding materials as well. [21] . The scale bar of the SEM image is 500 nm. The field distributions of the quasi-TM mode (b), quasi-TE mode (c), hybrid-TE 1 mode (d), and hybrid-TE 2 mode (e) when W btm 0. The field distributions of the quasi-TM mode (or sidewall mode) (f ), quasi-TE mode (g), hybrid-TE 1 mode (h), and hybrid-TE 2 mode (i) when W btm 4 μm. All the mode profiles have been normalized to their own maxima. The black arrows represent the electric fields. Fig. 11 . EIR of the waveguide fundamental mode as a function of W btm in trench waveguides with H 3 μm, T SiN 725 nm, and water cladding. The black dashed line shows the boundary between the quasi-TM and quasi-TE mode as the waveguide fundamental mode.
Compared to regular waveguides, trench waveguides have advantages and disadvantages. On the fabrication side, it is feasible to use conventional optical lithography to achieve sub-micron features in a low cost and large-scale manner, and the fabrication procedure can self-smooth the surface roughness, yielding low-loss propagation. In terms of nonlinear applications, triangle trench waveguides have small mode areas and manageable waveguide dispersions. Trench waveguides are also suitable for sensing applications because they can naturally combine a fluidic channel with an optical waveguide. Wide trapezoidal trench waveguides are favorable especially when combined with plasmonic antennas, because their TE modes can facilitate exciting antennas. However, wide waveguides may suffer large coupling losses due to mode mismatch. Therefore, the width of the trench should be designed carefully to cater to antenna fabrication and efficient mode coupling. For the top-etched waveguides, it is possible that the sidewall roughness caused by etching may affect the propagation loss, but the drawbacks need to be investigated thoroughly in future research. Since the waveguide fabrication relies on silicon etching properties, it also has some limitations, e.g., fabricating bending structures or coupling to regular waveguides. These restrictions will hamper trench waveguides from forming sophisticated telecommunication devices.
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